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RÉS MÉ 
La phas de la précipitation affecte la ressource en cau et peut mener à d'impor-
tant · désastres omm . l'inondat ion le Calgary n 2013 où une ligne plui -neige 
élevée n alti t ude a été l' un des principaux fact eurs menant à ett inondation 
cata::;t rophique. Le changem nts cl phas cl s précipitations t raversant la ligne 
pluie-neige peuvent avoir un impact significatif sur le· condit ions environnantes . 
L rcfr idi ·sem nt dû à la fonte de la neige engendre de l'air froid plus dense qui 
descend vers le 1 as, cc qui peut affecter la dirccti n du v nt. Il a été démontré que 
la ligne plui -neige de::;cend sur la pente face au vent cl 'une montagne durant une 
t mpêt e. Une inv rsi n de la dir ct ion du v nt de montant à descendant a aussi 
' t é observée à cause du refroidissement dû à la fonte de la neig . La pr 'sent étud 
a focalisé sur l 'importance relative de la sublimation et de la fonte en ut ili ·ant 
des simulations numériqu e::; basées sur un ' vénem .nt de précipitation part iculier 
observé durant une ·ampagne de mesures dans la vallée de Kananaski · en Al-
berta. De études de sen::;ibilité ont été effectuées p ur examiner la relation entre 
l'effet de la variation de tc;mp f- rat ure du à la sublimation t l'écoulement dans la 
vallée, ainsi qu l'importanc de l' accrétion et l'impact de la formation de la n ige 
roulée. Les résultats ont mont ré que des lignes pluie-neige pcuv nt être obs rvécs 
à cl s températ ures de l'air au-dessus de 0 oc dans la vallée de Kananaskis en 
Alberta à caus du climat · c. L'effet du refroidissement dû à la sublimation t à 
la font a affect' le taux le précipitation et a influencé le changement de direction 
de 1 éc ulement de montant à descendant sur la pente en amont cl la montagne. 
Les simulat ions numérique::; ont aussi mont ré que la formation de la n ige rou-
lée durant un 'vénemcnt météorologique a influ ncé l'inversion de la direction du 
vent. Le réchauffement dû à l'accrétion n alt it ud durant la formation cl , la neige 
roulée a affecté le refroidissement dû à la sublimation à plus basse altit ude et a 
au · i influencé 1 taux de précipitation à la surface. Dans l ensemble, cet te étud a 
démontré que le refroidissem nt cl û à la sublimat ion et aussi la présen e de neige 
roulée peuvent affecter l'intensité ct aussi la durée de la pr ' cipitat ion , ain i que 
la lirection cl l'é oulement clans la vallée . 
Mot s-clés : Ligne pluie-neige, Sublimation , Accrétion, Terrain montagneux, É ou-
lemcnt dans un C' vall ée, Précipitation, Microphysique 

I TRODU CTION 
La précipitation a un impact maj ur sur la population du sud de l' Alb rta, sur t ut 
au printemps quand la neige fond à haute alt it ude. La phase de la précipitation 
affecte la ressource en <'au ct peut mener à d 'importants désastr s comme l'inon-
dation de Calgary en 2013. En juin 2013 , cl fort es précipitations et la fonte rapide 
de la neige à haute alt itude ont causé d ' importantes inondations clans la partie 
sud de l'Alberta. Lors de cet événement , les f rtes pluies ont causé -s du ruissel-
lement à basse et à moyenne alt it ude, mais aussi du ruissellement causé par dC' 
la pluie sur neige à haute alt it ude dû à une ac umulation tardive de neige au 
sol (Pomeroy t a l. , 2016) . Les cond it ions à l'échelle' synoptique ont aussi joué 
un rôle important lon; de l'in ndati n (Milrad ct a l. , 2015; Liu et al. , 2016). La 
irculation atmosphériq uc autour cl 'un système de basse pression à la surface a 
produit de conditions de soulèvement orographique au pied des montagn -s du 
sud de l'Alberta durant plu · de 36 heure· . Cet air chaud et humide a mené le 
niveau de gel à un plu · haute altit ude lans l'atmosphère (Pom roy et a l. , 2016) . 
Les tempêtes de début cl 'été amènent habituellement de la neige à haute alt it ude, 
mais dans 1 cas présent , de la plui es t survenue. La pluie sur n ige cau ·éc par une 
ligne pluie-neige plus haute que la normale a été un des nombreux fa t curs ayant 
mené à cett e inondation catastrophique. Cet év / nemcnt démontre l'importan e 
de bien omprcnclre 1 s cara térist iqucs et le comp rtement de la ligne pluie-neige 
en terrain montagneux. 
La lign pluie-neige ou encore r ~gion de transit ion est la région des t cmpêt s où 
l'on retrouve un mrlangc de precipitation sous les formes solide et liquide. En 
région montagneuse, c'est la limite entr la pluie à basse altitude ct la n ige à 
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haute altit ude. La la rgeur de la zone de transit ion et le type de précipitation 
à l'intérieur de cette limit e dépendent fortement des conditions météorologiques 
comme la températ ure, le vent t l'humidité relative, car ces fadeurs peuvent 
être modifiés par la chaleur latente associée aux changements de phase (Stewart , 
1992) . Les changements de phase des précipitations traversant la ligne pluie-neige 
peuvent avoir un impact signifi cat if sur les condit ions environnantes . Une meilleure 
compréhension des processus microphysiques et des int eractions complexes ayant 
lieu dans la région de ligne pluie-neige es t un élément clé pour une meilleure 
prévision des événement::J météorologiques extrêmes en région montagneuse. 
Un des principaux processus physiques dans la région d 'une ligne pluie-neige est 
la fonte de la neige. La fonte de la neige extrait de l'énergie de l'environnement , 
cc qui amène un refroidissement de l'atmosphère. Wexler et al. (1954) ont rn ntré 
que le refroidissement dû à la fonte peut affecter l'emplacement de la ligne pluie-
neige ct une région qui recevait init ialement de la pluie pourrait éventuellement 
recevoir de la neige. La pr ~cipitation associée à une ligne plui -neige est organisée 
en bandes alignée::J le long de la région de transition et les précipitations qui 
t ombent à l' intérieur de cette région sont suj ettes à une plus forte agrégation 
(Stewart, 1992). Ces particules sont asso iées à une région où la réfl ectivité radar 
est p lus fort ct est connue sous le nom de bande brillante. 
Le::J premières études sur la ligne pluie-neige en région montagneu::Je ont ét é présen-
té s par Marwit z (1983 , 1987) en utilisant des observations provenant cle la Sierra 
Nevada en Californie. Des données de radar Doppler ont démontré que la bande 
brillante est descendue de 400 à 600 rn à l'approche de la pente de la montagne 
(Man.vitz, 1983). Des données d 'observations à bord d 'avion ont a ussi montré que 
l'isotherme 0 oc descendait de p lusieurs centaines de mètres près de la pente de 
la montagne (Marwit z, 1987) . Ccci était causé par le processus dia ba tique de la 
fonte et par la dynamique associée à l'écoulement orographique. Une autre ét ude a 
3 
mont ré que la bande brillante est descendue à une p lu::; basoe a lt it ude sur la pent 
face au vent dans les Alp e::; t dans la Chaîne cl s Cascades en Oregon durant trois 
t emp ête::; diff ' r nt e::; (Med ina et a l. , 2005) . P lus ré cmment, des simulat ions nu-
mériques ont aussi ét é ut ili ·é ,s pour ét udier l'abaissement de la ligne p luie-n ige 
sur la pente face au vent d 'une rn nt agne ( !Iincler t al. , 2011 ). Le refroid isse-
rn nt de l'air cl û à la fonte des hydrométéores gelés le refroidissement ad iabatique 
dû au soulèvement de l'air ct la dist an e cl fonte des hydrom 'téores oont trois 
mé anism s physiques qui ont été identifiés dans cette dernière ét ude pour leur 
in flu ence sur la posit ion de la ligne pluie-neige sur la pente d 'une montagne. 
En plus des effet s thermodynamiques cl la fonte, des cff t o dynamique ont a ussi 
ét é observés . St einer et al. (2003) ont démont ré avec cleo mesures de radar Doppler 
que le mouvement de l'air clans la vallé de la rivière Tocc dans l s Alpe· it a liennes 
s'es t inversé de montant à descendant après quelques heures de pluie durant le 
Mesoscale Alpine Program (MAP ). Cet t - ' t ude a ·uggéré que l refroidi sement 
dû à la font e a joué un rôle impor tant dans la production de l'écoulement vers le 
bas de la vallée et que l'évaporat ion de la pré ip itat ion était de plus fa ible imp r-
t an c . M dina t al. (2005) ont aussi bscrvé cet effet dynamique avec des données 
radar aéri nnes montrant un fa ible écoulement invcr ·é deocenclant la pente dans 
l · vallées profondes cleo Alpes durant l pr gramme MAP. Asen io et St in (2006) 
ont eff ctué des ét udes à l'aide d ' un modèle qui ét aient en accord avec l'analyse 
de St ein r et al. (2003), montrant que l r froiclissement dia batique ass cié à la 
f nte des hydromét éores ét ait fondamental dans la pr cl uct ion cl l 'coulement 
descendant durant le programm . MAP. C pendant , Zangl (2007) a suggér ' av 
des simula tions num ériqur.s que le rcfroiclisoemcnt par la fonte était de p lus fa ible 
importance dans la création de l'écoulement vers le bas de la vallée pour le même 
événement . P lus récemment, Thériault ct al. (201 5) ont effectué des simulations 
num'riqu s ct observé un changem nt dans la direction de l'écoulement près d 'une 
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montagne de la région de vVhistler , CB, quand l'effet diabatiquc c.l la fonte de la 
neige ét ait considéré. Le t emps avant l ' inversion de l'écoulement était beau oup 
plus long pour des plus petits t aux de précipitation . La vitesse de dcsc nt cl la 
ligne pluie-neige vers le bas de la montagne augmentait avec un plus fort taux de 
précipitat ion. Cette étucl a démont ré que la ligne pluie-m'ige atteignait généra-
lem nt la base cle la montagne avant que l'inversion de l 'é-coulement ne remplisse 
complèt ement la profond eur initiale de la couche de fonte. 
Dans un environnement saturé, la fonte de la neige commence quand l'environ-
nement entourant les flocons de neige atteint la t empéra ture d e 0 °C. Dans des 
condit ions sous-saturées, la sublimat ion de la neige prend plus d 'importance ct 
ralentit le processus de fonte. Dans cet environnement sous-saturé, la fonte de 
la neige ne débute pas quand les flocons de neige att eigncnt l 'isotherme 0 oc, 
mais quand Tw = 0 °C . Ccci est la t empérature elu thcrmomètrc mouillé ct tant 
qu 'elle est égal à 0 oc u au-dessous, de la n ige va t omber. Dans 1 s régions 
où l'hum idit é relat ive est basse, de la neige peut être o bs<~rvéc même à de hautes 
températures de l'air à la surface de 4 à G oc (Mat suo ct Sasyo, 1981 ; Harder ct 
Pomeroy, 201 3) . 
Cont rairem .nt au rcfroidiss ment dû à la fonte, il y a cu t rès pcu d ' 'tud cs regar-
dant les effet s elu refroidissement dû à la sublimation dans les t empêt es hivernales , 
plus particulièrement en région montagneu e. Clough ct Franks (1991 ) ont exa-
miné les proccssu · d 'évap orat ion cl ans des régions de précipit at ion frontale ct 
stra tiformc. Ils ont dém ontré que la sublimation des part icules cl glace ét ait un 
processus th rmodynamique efficac et que même dans des conditions d e fa ible 
sous- ·aturation d e 5 à 10 %, un sublimation appréciable avait tout de même li u. 
Park r t Thorp e (1995) ont étudié le rôle de la sublimation de la neige sur la 
frontogenèse ct ont démont ré qu e l'éc ulement tram;versal frontal clans la région 
de sublimation ét ait fortem ent modifié. Un co urant dcsccncl ant à méso-échclle 
5 
était produi t som; la surface ·yn ptiquc fro ntale. La sublimation de la neige ct 
de la neige roulée a joué un rôle important dans l'évolut ion de la band de pluie 
asso iéc à un front froid qui a été modélisée dans l'étude de Bart h et Par~ons 
(1996) . L 'effet de la sublimat ion a augmenté l ' intcnsit' ct la profondeur de la 
masse d 'air froid. Ils ont a ussi trouvé que le processus de sublimat ion contribuait 
plu au r fr oidissement que le processus de font .. 
Le typ de précipitation qui tombe a un impact sur la façon dont les pa rt icules de 
glac sublim nt . Quand une gouttelette cl -au liquide surfondue ent re n contact 
avec un hydromét éore gelé, la gouttelette gèle à l 'impact et produit un réchauf-
f rn nt cl l' envir nnement . La pa rt i ul solide hangcra ensuite l forme à cause 
elu givrage. Ces particules de neige roulée ont une plus oTandc densit é que la neige 
et donc subliment plus lentement ( Clough t Franks, 1991 ; Burford et Stewart , 
1998). Aussi, une plu grande vitesse terminal donne aux part icules de neige 
roulée moins de t mps p our sublimer durant la cl sccnte pa r rapport à la neige. 
La neige roulé a par con~équ nec plus de chance cl survie n traversant la ligne 
pluie-neige que les dendrites par exemple. 
La r'gion d ' intérêt de la présente étud st la va llée cl Kana naskis qui es t sit u 'e 
·ur la pente est des montagnes Rocheuses canaclienn s, 60 km à l 'ou st cl Calgary 
en Alberta (Fig. 0 .1). Comm la plupa rt de· régions montagneuses cont inental -s, 
le climat cla ns la vallée de Kananaskis varie beaucoup. Durant l'hiver , 1 climat 
a lterne ntr des périod ~ froides et sèches, ct des périod s plus chaudes et s'ch es 
où le Chinook es t présent , ce qui amène une la rge plage de températures pour cette 
région du sud de l 'Alberta (\ iVhitfield , 2014) . Le Chin ok est caract érisé par un 
fort éco ulement provenant de l'ouest qui pa~sc par-cl e~su~ k s montagnes et pa r de 
l'air s c qui descend la pente est en amenant de hautes températures et un faible 
humidité relative dans cette région (Whitficld , 2014). L'hiver 2015 a reçu moins 
de pré ipitation que la normale, ce qui a mené à de plus faibles a cumulations 
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Figure 0.1 Emplacement de la vallée de Kananaskis en Alberta . 
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cl ncig dans les Rocheuses canadiennes (Dcrwori:1. , 201 5) . À cause du climat sec 
présent dans la vallée de Kananaskis, la sublimation des particules de glace est 
·ûrcmcnt un facteur cl minant dans cette région. 
À cau cl l'importance d 'améliorer notre compréh nsion cl la lign pluie-neige 
dans les régions sèches, cette étude a fo calisé sur l'importance relative de la subli-
mation et de la fonte durant une étude de cas. Plus particulièrement , cette étude a 
utilisé des simulations numériqu e::; basées sur un événement de pr 'cipitation parti-
culier observé durant un e: campagne de rn sure en Alberta (Alberta Field Project) 
pour t enter de répondre à quelqueo-unes des questions suivantes : 
E::>t-cc que la ligne pluie-n ige se retrouve à une t empérature de 0 oc sur la p nte 
est des Roch uses canadiennes? 
Quelle est l'importance relative de la sublimation ct de la fonte? 
Qu J ·t l'impact de la sublimation cl la neige sur l'écoulement clans la vallée? 
Quelle est l' importance de l'accrétion en altitud ? 
Des études cl sensibilité ont été effectuées pour examiner la relat ion entre le 
rcfroidiss ment diabatique dû à la sublimation ct l 'écoul ment dans la vallée. 
Aussi, l' importance de l'a crétion au-dessus de la ligne pluie-neige sur le processu 
de sublimation ct sur la direction cl u vent est di entée. 
Le présent mémoire est organisé comme suit. Le chapitre 1 contient un arti le 
sei ntifiqu rédigé en anglais. La section 1.1 pr ' · ntc une intr cluction au c ntext e 
scientifique. La sc:ction 1.2 présente une vu d' nsemblc de la ampagne de terrain 
effectuée au printemps 2015 ct décrit l'étude de ca· utilisée dans cette étude. La 
méth clologic utili::>éc dans la configuration elu modèle numérique et les études 
de sensibilité sont expliquées dans la section 1.3. Les résultats de la simulat ion 
contrôl- , l'importance relative de la fonte ct de la ublimation ainsi que les effets 
de la suppression du refroidis ·cmcnt dû à la fonte ct à la sublimation de la neige 
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et de la neige roulée sont résumés dans la sect ion 1.4. Les effets de 1 'accrétion et 
de la présence de neige roulée sur le refroidissement dû à la sublimation t à la 
fonte ainsi qu e sur la dire ·ti on cl u vent s nt C'xaminés dans la section 1.5. Une 
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ABSTRACT 
The phase of precipitation affects water resources and t his can lead to major 
disasters such as the Calgary 2013 flooding event where an el vated rain-snow 
boundary was one of t he main factors that led to t he catastrophic flooding. Th 
phase changes of pr cipitation falling through a rain-snow boundary can have a 
significant impact on the nvironmental condit ions. Cooling by melt ing f snow 
gen rates cold dense air t hat maves down, which can affe t t he wind direction. It 
has been shawn t hat the rain-snow t ransit ion is lowering on t he windward slope 
of a mountain during a st orm. A reversai in the wind direction from up-vall y 
to d wn-valley was also observed as a result of cooling by melt ing of snow. The 
present study fo used on the relat ive importance of sublimation and mel t ing using 
numerical simulations ba ed on a particular pr cipitation vent observed during 
t he Alberta Field Project in the Kananaskis valley. Sensit ivity experiments were 
used to examin th relationship betwe n t he temperature f dba ks from sub-
limation and th valley flow field along with t he importance of accretion and 
the impacts of graupel formation. Th r sul ts show d t hat rain-snow boundaries 
can be observed at surface air temperatures above ooc in the Kananaskis valley, 
Alberta due to th dry climate. The cooling effect of sublimation and melting 
affected t h precipitation rate and influenced t he change in flow direction from 
upslope to downsl pe on t he w st facing slope of the mountain. The numerical 
simulat ions also showed that the formation of graupel during th w ather event 
influ ne d t he wind direction reversai. The heating due to accret ion aloft during 
t he formation f graupel affected t h cooling due to sublimation at lower alt i-
t udes and also influ nced t he pr cipitati n rat at t he sm·fac . Overall , t his study 
showed t hat cooling due to sublimation and also t he pre ence of grau pel can affect 
t he intensity and a lso the duration of precipitation, along with changing t he fi w 
direction in a valley. 
Keywords: Rain-snow boundary, Sublimati n , Accretion, Complex terrain , Val-
ley flow, Precipitation, Microphysics 
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1.1 In troc! uction 
Precipitat ion has a major impact on the population of southern Alberta espe ia lly 
during t he spring seas n when snow melts at higher elevation , causing runo:ff into 
rivers. The phase of pr cipi tation a:ffe t s water resources and this can lead to 
major disast ers su ch as the Calgary 2013 fl.oocling event. In la te June 2013, heavy 
rainfa ll and rapidly mclting alpin . snow causecl fl. oocling to the sout hcrn part of 
Alberta. In this particular event , the hC'avy rain g<'nerated ra infall runo:ff at low 
and midd le elevations, but it was supplemented by rain- n-snmv runo:ff at high 
elevations clue to a la t e lying snowpack (Pomeroy et a l. , 201 G). The synoptic 
scale atmospheric cond it ions a lso playecl an important role in thr fl.oocling event 
(Milracl et a l. , 2015 ; Liu ct al. , 2016). The circulat ion aro uncl the surface law-
pressure system produced upslope conditions over the sou thern Alberta foothills 
t hat persist ee! for more than 36 hours. This a ir was moist and \Varm which led 
to a high freezing level in the atmosphere (Pomeroy et a l. , 2016). Early summer 
storms usually bring alpine snowfall at high elevations, but in t his 'ase rainfall 
occurrecl . The ra in-on-snow causee! by a higher t han usual rain-::mow boundary 
was one of the many factors that l ad to this catastrophic fioocling. This event 
illutltrates t he importan of understancling t he ·haracteristics and behavior of 
the rain-snow bounclary in mountainous rC'gions. 
The rain-snow bounclary or transition region itl t he region of a storm character-
ized by mixee! prC'cipitat ion . In mountainous region::l , it is the bounclary between 
rainfall at low elevations and snowfall at higher elevations. The width of the tran-
sit ion region and t he precipitation type distribut ion within that bounclary depend 
strongly on the weather condit ions such as temperature, wind fi eld and relative 
humidity bC'cause t hese could be al te red by t he lat nt heat ass ciatecl with phase 
change::l (Stewart , 1992) . The phase changes of part icles falling through therain-
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snow boundary can havr a significant impact on the cnvironmcntal conditions. 
Understanding the cffcct · of th microphysical proces:::;cs taking place in the vicin-
ity of a rain-snow b undary i · a key clement to a bettcr forccasting of extr me 
met -orological events in mountainous regi ns. 
One of the key physical proccsscs within thc rain-snow l ounclary is the mclting 
of falling snow. M lting of sn w extra ts energy from the cnvironment, which 
lcads to atmosp heric cooling. W cxlcr ct al. ( 195t!) first not cd th at cooling by 
melting an affect the location of th . rain- :::; now boundary and an arca initially 
re iving rain will v ntually rccciv ·now. The pre ipitati n associatcd with 
a rain-sn w boundary is typically organiz-d into band ee! fcaturcs aligncd along 
the transition region and particle:::; falling through this region would be subj cct cl 
to enhanced aggregat ion (St ewart , 1992). Thesc particlcs ar asso iated with a 
r -.gion of enhanced radar rcfl.e t ivity known as the radar bright band. 
Some of t he earliest studies on rain-snow transitions in mountainous ar as wcrc 
pres -nted by Marwitz (1983, 1987) using observations over t he Si rra evada. 
Doppler radar data showccl that the bright band bcgan t o increase in depth to 
400-600 m whil approaching the mountain barrier (Marwitz, 19 3). Also, in situ 
aircraft data showed that the ooc isothcrm cl s ·ended several hundrcd m ters 
near the barrier as a result of the diabatic process of mel ting and the dynamics of 
orographie airfl.ow ( 1arwitz, 1987). Another study notee! that the bright band f 11 
to a 1 wer hcight ovcr the windwarcl slopes in the Alps and the Oregon as ade 
Mountains during thre different alpine storms (Medina ct al. , 2005). More rc-
cently, numerical simula tion wcrr. also uscd to stucly the lowering of the rain-snow 
boundary on a mountain windwarcl slopc (Mindcr ct al. , 2011 ). The cooling of 
t h - air by melting of frozen hydromctcors, t he adiabatic cooling of rising air and 
t he mclting distance of hydrometcors wcr identifiee! as t hr c physi ·al mcchanisms 
infl.ucncing th location of thc rain-snow boundary along the mountainsidc. 
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Besidc the thcrmodynamic effccts of mel ting, dynamical fcccl l acks have also becn 
observcd. teincr et al. (2003) showed with Doppler radar mea::; uremcnts that t he 
air motion within t he Tocc river valley in the Italian Alps cl uring t he Mesoscalc 
Alpine Program (MAP ) reversecl from up-vallcy to cl own-valley flow aftcr a fcw 
hours of rain. This stud y suggcstccl t hat cooling by m Jting of ::;now played an 
important ro le in gencrating t he cl own-valley flow and t hat evaporation of precip-
itation was of le s importan ·c. Medina ct a l. (2005) also obsrrvccl t his cl ynamic 
effect with airbornc radar data showing a wcak and reversee! clownslopc flow in 
t he de p vallcys of the Alp · cluring t he MAP program. T hr results of the mocl cl 
experiments of Asencio and Stein (2006) wcr in agreement wit h t he analysis of 
Steiner ct al. (2003) t hat t he cliabatic cooling associat .cl with the mrlting f falling 
frozcn hyclrometcors was funclamcntal in gcnerat ing the clown-vall y flow during 
t hC' MAP program. I-Iowevcr , Zangl (2007) sugg steel wit h numeriéal simu lations 
t hat the cooling by mclting f snow was of lcss importance in creating t he down-
vall y flow for t he same event. More rcccnt ly, Thériault ct a l. (201G) pcrformccl 
numcri al simulations and obs rvcd a 'hangc in t he valley flow fi le! direction 
near a mountain in the Whistler , BC arra whcn t he diabatic cflcct of mclting 
snow was consicl crcd . The timc to procluce the flow reversai was much longC'r for 
lowcr precipitat ion rates. The spcccl of the rain-snow bounclary trav ling clown 
the mountain also incrcasccl with highcr precipitation rates . This stucly showed 
that the rain-snow bounclary gcncrally reachcs the base of t he mountain bcforc 
t he flow reversai ha · complctely fi lled up t he ini tial dr p t h of the mel t ing layer. 
In a saturatcd environmcnt, the melt ing of snow starts whcn the cnvironmcnt 
surrounding t he snowflakcs rcach a tempcratur of 0°C . VVithin ::; ubsaturatecl con-
ditions, the sublimation of snow bccomcs of greater importance and t hus slows 
clown the mclting proccss . In a subsaturated environmcnt 1 t he mclting of snow 
does not start whcn t he falling snowfl akes reach the 0°C isothcrm, but rather whcn 
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Tw = 0°C. This is known as the wct-bulb t emperature and as long as it is cqual 
to 0°C or bclow, snow will fall . In rC'gions of low relative humidity, snowfalls can 
be seen ev n at high surface air temperature of 4-6° (Matsuo and Sasyo, 1981; 
Harder and Pomeroy , 2013) . 
Unlike cooling by melting, there ar f w studi s addressing the effects of cool-
ing by sublimation in winter storms, especially in mountain us regions. Clough 
and Frank · ( 1991) examined the vaporative pro e ·ses in frontal and stratiform 
precipitation. They show cl that sublimation of ice particles wa · an fficient ther-
m dynami proces · and in low ubsaturation of 5-10%, appreciable sublimation 
can still take place. Parker and Thorpe (1995) studied the rol of snow sublima-
tion on frontogenesis and show d that th - cross-frontal fiows in the vicinity of the 
sublimation were strongly modified. A mesoscale downdraft was produccd bclow 
the synopti frontal surface. Sublimati n of snow and graupel played an impor-
tant ro le in the evolut ion of th narrow cold-frontal rainband that was modeled 
in the stud y of Barth and Parsons (199G), as it increas d the intensity and depth 
of th cold air mass . They also found that the sublimation pr cess contributed 
more to the lat nt cooling than th meltin · process . 
The type of precipitation falling has an impact on the sublimation process. When 
a supercooled liquid droplct bits a froz en hydrometeor , it freezes upon impact and 
t h us prod uces h ating of the nvir nment . Th . solid particle will t hon change 
shape due to riming. Thesc graupel particles have a highcr density than snow 
and thus they sublimate slow r (Clough and Franks, 1991; Burford and Stewart, 
1998). Also, a higher t erminal vclocity will give the graupel particles less t im 
to sublimate during lcsccnt , as in the case of snow. Graupel consequent ly bas a 
greater chan e to reach the surface while traveling through the rain-snow boundary 
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Figure 1.1 Area of interest and 1 km mesh domain in Vv'RF model. 
The area of int erest for this stucly is t he Kananaskis valley, which is located on the 
ea. t rn side of t he Canadian Rocky Mountains, 60 km west of Calgary, Alb rta 
(Fig. 1.1 ). Like n10st n10untain regions in continental arcë)as, t he h ananaskis valley 
climate is highly variable. ln t he winter , the limate alternates b tween colcl , dry 
periods and pcriods of comparatively wanu, dry, windy Chinook air , which givcs 
to t he general ar a of sout hwest ern Alberta a large winter temperatur range 
(vVhitfield , 2014). The Chinook is characterized by a. strong westerly ftow over 
the mountains and dry air descending the lccward sidc which brings both high 
temperatures and low humidity to t h a.rea (Whitfield 201Ll ). The winter 2015 
rcceived lower than average precipitation in this arca, which led to a shallovvcr 
than usual snowpa ·k in the Cana.dian Rocki s (Derwori:6, 201 5). Due to the dry 
climate iu the Kananaskis valley, t he snbliruat ion of icc particles is likcly t o be a 
dominant factor in this area. 
G iven the irnporta.ncc to improvc onr undcr 'tanding of the n.ün-snow t ra nsit ion 
17 
within relatively lry ar as, this st udy focused on the relative importance of subli-
mation and mclting during a case study. In particular, this study usecl numerical 
simulat ions based on a particular pre ipitation event observed during the Alberta 
Field Project , to help answer sorne nf the fnllowing ·cientifi questi ns: 
Do rain-snow transitions ccur at 0° on the le side of the Canadian Rockies? 
What is t he relative importance of ·ublimation and mclting of snow and graup l? 
What is the impact of snow ·ublimation on t he valley fiow field? 
What is the importance of accretion aloft? 
S nsitivity experiments were p rform cl to examin the relat ion between the tem-
p rature feedba ks from sublimation and the valley fiow field. Also, t he impor-
tance of accr .t ion abov . th rain-snow boundary on t he sublimation proces · and 
on t he wind direction is discussed. 
This paper is structured as fnllows. Section 1.2 provid s an overview of th fi eld 
campaign performed in pring 2015 and cl scribes th case study used in t his 
paper . Th methodology us cl in the model configuration and the ·ensitivity 
experim nts is explained in ection 1.3. Results from the control simulat ion, the 
r lative importance betwe n melting and sublimation along with the eHects of 
suppressing diabati cooling elu to melt.ing and sublimation of snow and graup 1 
are summarized in Section 1.4. The eHects of accretion and graupel on t he cooling 
associated with sublimation and melting along with the eHects on wind direction 
is examinecl in Section 1. 5. A discussion is provided in Section 1.6 and finally 
s rn concluding remarks arr given in Section 1.7. 
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1.2 Case ovcrvicw 
1.2.1 Alberta Field Pr jcct 
The field campaign Alberta Field Project was a collabora tion of rcsearchers in-
tc'rcst ccl in the stucly of spring precipitation on the castorn sicl c of the Canadian 
Rockics . The campaign took place cluring March-April 201 5 in the Kananaskis 
valley, Alberta. The goal · of the fi Id campaign wcrc to study the rain-snow 
bounclary, the snow crystal types, along with the charactcristi .s of precipitation 
and the associatcd weathcr cond it ions in the valley. 
Most of the observati ons werc collected at the Kananaskis Emcrgency Services 
(KES ) site just a fcw ki lomct crs south- ast of the Nakiska ski arca ( AK) and 
about 15 km south of the Barrier Lake rcscarch station (BAil) (Fig . 1.1) . Dct ailccl 
mctcorological and photographie mcasurcmcnts wcrc collcct cc.l a t the main sit . 
Instruments pre ·cnt in ludccl a Gconor precipitat ion gaugc, a sounding syst em , 
an OTT Parsivel op ti cal disclromct cr and a Micro Rain Radar (MRR). Basic mc-
tcorological mcasurcmcnts wcre also available (pr s ure, winds, t empera ture, cl ew 
point temperature). Visual observations and high-resolution snowflakcs macro-
photography wcrC' taken as wcll to chara terize t he type of snow as in Gibson 
and St ewart (2007). Vertical profiles of basic metcorological fcaturcs werc a lso 
obtain cl using a Kcstrel attachccl to a ski pole and a GP at t\vo othcr sites in 
the presence of rain-snow transitions. Thcsc vertical profi le::; wcre perf rmccl at 
AK and also at Fortrcss Mountain (FOR) . The mcthocl followcd the one uscd 
in Thériault ct al. (2014). 
The forecasting of the different storms c.luring the fi lei ampaign was esp cially 
chall cnging bccaus mo 't of the precipita tion fall ing was isolatcd cv0nts that wcrc 
not nccessarily pro cl uced by typical lmv-prC's::; ure system locatccl on the lcc-sid e 
of the Rockics. Precipitation falling at the surface was very irrcgular through 
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th valley. Sometimes, an appr ciablc accumulation was obscrvcd during a storm 
ncar Barrier Lake, while only a trace was rcported at th KES obs rvation site. 
It depended highly on th direction of the mesoscale flow lcacling to up~·>l ope 
flow (Vaquer, 2017) . Rain-sn w bounclarics wcrc also oft n obscrvcd along the 
mountainside. 
1.2.2 Case Study: 31 March 2015 
On the last day of March, a weather event associated with a rain-snow boundary 
along the mountainside occurrcd in the Kananaskis vall y. A 1 w pressure syst em 
moving t the east was lo 'atccl north-cast of the Kananaskis vall y at 0000 UTC 
1 April 2015 (Fig. 1.2) . The data loggcr and th Alberta Environment weath r 
stati n located 100 rn from each other at KES indicatecl a dccr a e in surface 
temperature starting at 2100 UTC 31 March 2015 from 12°C to 3°C (Fig. 1.3 a). 
An increase in the dew point temperature was also seen starting at 2000 UTC. The 
wind speed was b tween 2-3 m/s from 1900 to 2100 UTC and startcd to decrease 
un til 0000 UTC (Fig. 1.3 b). The Alberta Environment w ath er tation indicated 
an increase in the wind sp ed at 2200 UTC to 4. o m/s while the data logger 
showed lower wind sp -cd. The Alb rta Environment weath r station provided 
hourly data whil the data loggcr providcd 1-min data, which could cxplain the 
cliff rene at this t ime. Manual obs rvati ns at the KES sit e show cl light rain 
starting at 2030 UTC 31 March 2015, changing t a mix of rain, snow and grau pel, 
th en to a brief period of snow only (Fig. 1.3 c) . A vertical sounding launched at 
2100 UTC showed clearly ::Jubsaturat ed ondition near the surface at the KE site 
(Fig. 1.4). 
During this mixed prccipitati n event, the rain-snow transition wa lo atcd at the 
base of the mountain. A car souncling pcrformcd a t FOR indicated t hat t he top 
of the rain-snow bounclary was at an alti t u le of 1830 rn ab ove sca levcl (ASL) at 
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Figure 1.2 Surface analysis at 0000 UT C 1 April 2015. source: Environment and 
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Figure 1.3 (a) Surface temperature (solid line) and clew point temperature 
(clashed line) , (b) wincl speecl and (c) precipitation types ob ervecl at KES. Data 
are from the data logger (orange). t he Alberta Environrncnt weather station (pur-
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Figure 1.4 Temperature (solid line) and clcw p oint t emperature (clashccl linc) 
v rtical profi les at 2100 UTC 31 Mar h 201 5 above t he KES site. Both the 




























Figure 1.5 Refiectivity measnred by t he Micro Rctin Radar at t he KES site on 
31 March 2015. 
2115 UTC and lowered to 1750 m ASL at 2200 UTC. The KES site b ing located 
at an a lt itude of 1445 m ASL, t he thickness of t he rain-snow bonndary varied 
between 300-4.00 m ac :ording to manual observations. The refiectivity fi·om t he 
MRR located at KES sbowcd t he presence of a bright band (maximnm rcficrtivity) 
at around 2200 TC (Fig. 1.5). The top of t he bright band wa.s at a height of 
2 km ASL, which is however, at a slightly higher alt itude t han in the manual 
ob ervations and simulation .. 
In t he following sections, t lw results of t he numcrical simulations for t his stndy 
will mainly be prcsented for the KES site at t he bottom of the Kanana.skis valley. 
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1.3 Mct bodology 
1.3. 1 Moclcl configurat ion 
The simulations in t his stucly wcrc pcrformcd using th<' Wcat her Rcsearch and 
Fore asting (V/ RF) modcl , version 3.7.1 (S kamarock ct al. , 2008) . Thrcc-
dimensional (3D) simulations wcrc uscc.l wit h initial and bouncl ary conditions pro-
viclcd by the ort h Amcrican Regional Rcanalysis ( JARR) dat a from the a tional 
Centcrs for Environmental Pre liction ( CEP ) (Me::; inger ct al. , 2006) . Two-way 
nc::;ting with four ncst d grid s (27 km, 9 km, 3 km and 1 km) was uscd to pcr-
form high-rcsolution simulations over the Kananaskis valley. The high-rcsolu t ion 
domain is shawn on Figure 1.1. The control run and the scnsitivity test s wcrc 
clone using tlw two-moment version of t ho Milbranclt and Yau bulk microphysics 
schemc (Mil brandt a nd Y au , 2005) . This micropbysics sclwmo prcc.licts the mass 
mixing ratio and t ot al number concentra ti n of six bydromctcor cat egories : cloud 
droplet s, rain , icc crystals , snow, graupcl ancl bail. Somc modifications werc made 
t o the Milbrandt and Yau microphysics scbcm <' to gct snow sublimation at tem-
peratures abovc and below 0°C. The differences are dcscribecl in Appendix A. 
Otbcr microphysical paramet erizations u::;ecl in the simulations includccl the Rapid 
Radiative Transfcr Modcl (RRTMG ) witb t he Monte Carlo Incl pendent Colu mn 
Approximat ion (MCICA) mcthod of rand om cloud ovcrlap schcmc (Iacono ct al. , 
2008) for longwave and shortwavc radiation. Also, t lw Noah Land urfac M ci el 
(Tcwari et a l. , 2004) with soil t emperature and moisturc in four layer::;, fractional 
snow covcr and frozcn soil physics wa · us cl. The planct ary b oundary lay r was 
parametcrizecl in the simula tions with t he Yonsei Univcr::; ity scheme wbich us s 
the non- local K approach with an explicit ent rainmcnt layer and a parab olic K 
profile in the unstablc mixcd layer, whcre K is the vertical diffusion coefficient 
(Hong ct al. , 2006). ,umulus parametcrizat ion was us cl on the coarscr grid only 
25 
(27 km) wit h t he Kain-Frit sch s ·herne (Kain, 2004). 
To obtain a maximum number of vert ical lev ls within t he melt ing layer , G6 ver-
t ical levels have been usecl where t he gricl spacing vari~d from 50 to 350 rn in the 
first 2 km a nd was about 3GO rn at highcr lcvels. T he simulation on t he coarser 
grids (27, 9 and 3 km) st arted at 1500 UTC 31 March 2015, 3 h urs prior t o t he 
high r resolut ion grid (1 km), which started at 1800 T C 31 Mar h 2015. T he 
simulations were int egrated for a total of, respect ively, 12 h and 9 h. The t ime 
step u ·ed was 90 s on t he coarser grid (27 km) d creasing \vith a ratio of 3 betwe n 
each n st d grid to 3.33 s on t he higher r solut ion gri l (1 km) . 
1.3.2 Sensit ivity expcriments 
':G est imate the t emperature feedbacks ass ciat d with melt ing and ·ublimation, 
t he ontrol simulati n (CTL) was first run while neglect ing t he latent heat du t o 
t he rn lt ing of snow and grau pel (MLT ). Th -.n it was neglected for t h sublimation 
of snow and graupel (SBL). The t emperatur tendency equation from Milbranclt 





liQCLcs + liQCLcg + liQCLch + liQCLTi + liQCLTs 
+liQCLTg + liQCLTh + liQFZci + liQFZTh 
- liQJVJ Lir - liQl'vf LsT - liQNJ LgT- liQM Lhr 
+ Ls ( liQJVUvi + liQV Dvi + liQV Dvs + liQV Dvg ) 
Cpd +liQV Dvh 
(1.1) 
where L.r is t he latent heat of fusion , L8 is t he latent heat of sublima tion , Cpd is the 
specifie heat of dry air and Q is for mixing ratio. The types of mixing ratios are 
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not cd by CL for collection , F Z for fr eezing, ML for mel ting, U for nuclcation , 
V D for diffusional growth (positive) or sublimation (negative) and the subscripts 
(c, 1·, i s, g, h, v) rcprc nt cloud droplcts, rain , icc, snow, graupcl , bail ancl water 
vapor. 
In the MLT expcrimcnt , the sink tcnns QJI![ Lsr and Q.~![ Lg1· \Vere ncgl cted in 
Eq. 1.1. Accordingly, the negative portion of the tcnns QV Dvs and QV Dvg 
wcre also ncglect cd for the SBL cxpcrimcnt . These expcriments wcrc usccl to 
show t he impact of the temperature feedbacks from mcltinh or sublimation of 
snow and graupcl sincc t hcse two microphysical pror.esses can induce a cooling of 
the cnvironm nt. 
To asscss the impact of accretion aloft and also the impact of the prescnc J of riming 
(graupel) on the sublimation occurring at low r altitudes, the CTL simulation 
was also run with no grau pel ( OGRP). In the last cxpcrimcnt , a simulation 
was donc to determine the temperature fccdbacks associatcd with the heating du c 
to ac rction ab ove the rain-snow bounclary (ACR) . In this last simulation, the 
lat nt beat clue to the fo llowing pro cesses was neglectcd in Eq. 1.1 : coll cc ti n of 
cloud clroplcts wit h snow or graupcl particles (QCLcs, QCLcg) and ollcction of 
rainclrops with i e, snow and graupcl particles (QCLTi, QCLrs, QCL1·g). Thcsc 
different pro cesses arc usecl in the scheme to pro cl ucc grau pel. In the ase of 
accretion, a hcating of the environment is procl uced at high altitude and t his 
expcriment will asscss the impact of the temperature feedbacks. T he sink tcrms 
ncglect cd from t he temperature tenclency equation in t he Milbrandt and Yau 
schcme for each cxperimcnt arc listed in Table 1.1. 
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Table 1.1 List of the s nsit ivi ty expcrimcnts 
1 Experiments 1 Sink Terms Description 
CTL - cont r 1 simulation 
SBL QV Dvs(- ), QV Dvg(-) no cooling .ffect from sublimation 
MLT QML sr Q1'v1 Lgr no cooling effcct from mclt ing 
ACR QCLcs, QCLcg, no heating ffcct from ac retion QCLri, QCLrs, QC Lrg 
OGilP - no graupel 
1.4 Impa ts of melt ing and sublimation 
1.4.1 CTL simulation 
The weather conditions in the CTL simulation wer fir st studied and compared 
to orne obs rvat ions at t hC' KES ite to cnsurc that atmospheric condit ions wcre 
well r produced by the numcri al simulat ions. Figure 1.6 shows pre ipitation ac-
cumulation from 1800 UT C 31 l'v1arch 201 5 to 0000 T C 1 April 201 5 in t he 
Kananaskis arca. The CTL run showed accumulation of rain in t h vall y and 
s lid precipitation (snow and graupel) at high r levations. The accumulat cd pre-
cipitation simula t.cd at the KES site was slight ly higher t han the amount recorded 
in t h observations. The rain gauge located a t KES site indi ated pr cipitation 
accumulations of 1.2 mm whilc t he model showcd accumulation betwccn 1. 5 and 
2 mm. The Kananaskis wcath r station from Environmcnt and Climate Change 
Canada located near Barrier Lake recordcd , however, rain accumulation of 2.4 
mm for the day of 31 Mar ·h 201 5 whil t he model show cl n accumulation in t his 
area. Both t h vert ical pr fi lrs from t he CTL run and the sounding launched at 
KES at 2100 TC 31 March 2015 indicatcd t hat. t he air was ub ·at urat.ecl n ar 











Figure 1.6 Precipit at ion accumulat ion fro m 1800 UTC 31 March 2015 to 0000 
UT C l April 20 15 for (a ) rain and (b) snow and granp el. 
\iVhile t he precipitation arnou nt accumulat ed at KES was rclat ivcly low during 
t his vent , a st udy of the different pr e ·ipitation typ es for t he CTL run showecl a 
high amount of snow a t high a lt it udes. F igure 1. 7 illustra t es t he t ime evolut ion 
of rain , snow and graup el rnixing rat io for the CTL run at KES site . Resnlt s 
showed that snow and graup el melt ed into rain st arting at 2100 unt il 2230 UTC . 
The presence of a rain-snow t ransit ion between 2100 and 2230 UTC in t he CTL 
run is of p articular interest since t his transit ion was well-observed in t he fi eld . A 
signifi cant drop in t h height of the 0°C isother rn at aroun l 2115 UT C can b e 
scen in t he CTL run at t he same timc t he ra,in-snow boundary was present a,t t he 
surfac . F igure 1. 7 also reveals t hat t he rain-snow transit ion was locat ed more 
t han 200 m below the~ 0°C isotherm , which confir ms the presence of a non-mclting 
layer just a.bove t.h height wher e ~v ooc ;-"Ls cliscussed by M<1.t suo ancl Sasyo 
( 1981 ). 
Both t he manual observat ions a t KES site and t he CTL run confinned t hat snow 
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Figure 1.7 T ime evolution of (a) snow, (b) g,Tanp 'l and (c) rain mixing rat io at 
t he KES site on 31 Ma.rch 2015 for the cont rol nm. The solid line indicates the 
height of t he 0°C isotherm and t he dashed line indicatcs the height where t he 
wet-bulb temperature is 0°C. 
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pr ,sent a t the ::;urface a t t emperatures ab ove ooc supports t.hc theory of Ma t ::;uo 
and Sasyo (1981) t hat t he precipita tion typ e at thC' ::; urfa ·e dep ends strongly on 
rC'lative humid ity and a ir temp< rature. 
The top of the rain-snow b ouncla ry ::;imula t ed by t he m oclel was around 1. km 
ASL at 211 S UT C and lowerecl t o an altitude of ab out 1.7 km ASL at 2200 UT C. 
The car ::;ouncling p erformecl at Fortress Mountain during t his period ind icatecl 
a ::;imilar height of the t op of the bound ary. The rn a.sured width of t he rn !t ing 
layer clroppcd from 250 to 1SO rn from 211 5 to 2200 UT C. 
The result s of t he CTL run ·onfirmed t hat snow ca.n be SC'en at tcmperatur ::; 
a.bove ooc in t he K a.nana ·ki · a rea and that t he rain- 'l10w bound ary occurr cl at 
a warmcr t emperature tha.n whcn t he environment is saturated. Comparison::; be-
tween observat ions and t he CTL run indicatecl tha.t the weather cond itions in the 
Kanana.ski ::; Va lley on 31 Ma.rcl1 201 5 were weil rcproducccl by t he mode!, since a 
ra.in-snow b ounda.ry was present bctwcC'n 2100 and 2230 UT C 31 March 2015, as 
obsC'rvc l. ow t hat the w a thcr conditions at t h e KE sit a rc rclativcly w Il rcp-
r sented for t he ase st udy, t he remaining ana ly::;i::; will focu::; on the microphys ical 
processcs in t he vicinity of t he transit ion region dcscrib ed ab ove. Since snow was 
present a.t temperat ures a.bove ooc and t hat t he a ir wa.::; ::;u bsatura.tecl , ::;ublimation 
may be important cl uring t his t imc a::; weil as rn lt in_g;, which was limit cd to a t hin 
layer near the surface . 
1.4.2 Relat ive importance of melt ing and sublimat ion 
To assess t h relative importance of mel ting and sublimation on t he cnvironmcnta l 
temperature, t he impac t of t he sink tcrms in E q. 1.1 werC' evalua.ted ::;epara.t ely 
( QV D vs and QV D v g for sublimat ion of ::;now and ?;ra u pel ; QJVI L s1· and Q M Lgr 
for mel ting of sn w and gra u p el) . The evolut ion in t im c of dT / dt for ::; nb limation 
and mclting of snow and gra upr l is rcprescntcd in Figure 1.8. The cooling cffcct 
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Figure 1.8 Cooling rate (dT/ dt) a.ssociated with (a) mel t ing and (b) sublimation 
of snow and graupel above the KES ite on 31 Ma.rch 2015 for t he cont rol run. The 
solid line indicat es t he height of t he 0°C isotherm and the dashed line indicates 
t he height where t he wet-bulb temperature is 0°C. The red color inclicates an area 
of heating due to vapor deposition. 
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of mclting is confinecl within the melting layer near the surface, which is locatecl 
where the w t-bulb temperature is above 0°C. Furthermore, the cooling effect of 
the sublimation of graupel and snow an be ·ccn up t o a hig;her altitude since t hat 
proc ss can take place at any t emperatures . In part icular , Figure 1.8 shows that 
cooling due to sublimation of sn w and graupel is great er near the non-mclting 
layer locat ed between T = ooc and Tw = 0°C. This is consist ent with the fact that 
the latent heat of :::; ublimation i:::; seven times higher than the latent heat of fusion. 
Results from this subsaturated case study suggest ecl tha t :::;ublimation of snow and 
graupel had a greater impact on the environmental t emperature compared to the 
mclting process . 
1.4.3 Impacts of sublimation on the valley fl ow 
To stucly the impacts of phase changes on the valley fl ow, two sen:::; itivity t ests 
were conducted. First, the MLT experiment was concluct ed by removing the 
effect of melting of snow and grau pel in the temperat ure tenclency from the CTL 
run, as shown in Table 1.1. Second , the SBL experiment wa:::; conduct cl in a 
similar manner by removing the effect of sublimation of snow and graupcl in the 
t emperature tendency. 
The SBL experiment :::;hmvecl that t he precipitation rate at the :::; urfacc for rain 
was higher than in the CTL and MLT runs, especially at 2140 UT C (Fig. 1.9 a) . 
The snow and graupcl rates were, however, lower in the SBL run, except fr om 
21 30 t o 2145 UT C, when the graupcl rate was higher. Relative humidity was 
l ow ~ r in the SBL run before 2140 UTC, but after the peak in rain precipitation , 
the relative humidity wa:::; similar to the CTL and the MLT run:::; between 70-80% 
(Fig. 1.9 b). The ooc iso th rm was higher in the SBL exp riment for the who le 
period while the rain-snow bounclary was present at the surface (Fig. 1.9 c). The 
amount of snow and graupel mass aloft was higher in the: SBL experiment (Figs . 
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Figure 1.9 Tim volution of (a) the precipitation rate and (b) the relativ . 
humidity at the sm·face, along with ( c) the t mp ' rature, wind speed and wind 
direction above t he KES site on 31 March 2015. These r sults are for th control 
run (black line), t h ruu wit hout t h cooling effects of sublimation (blue line) and 
the rnn wit hont t h cooling effect o of melt ing (ormge line) . The gray area in (c) 
is t he region where t he r ê1.in-snow boundary is located. 
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1.10 a an l b). The height where Tw = ooc was bigher in the SBL experiment 
than in th CTL run cluring the t imc when precipitation rcachcd the surface and 
more melting resultee! near the surface producing more rain (Fig . 1.10 c) . 
Neglecting the c oling clue to sublima tion in t he 'BL run resulted in a higher 
temperature at bath the surface and aloft (Fig . 1.9 c), because sublimat ion oc-
currecl within a t hicker layer compared t o mclting, whi h i::; ncar the surface (Fig. 
1.8) . This higher t emperature aloft in the SBL run increasC!d the quantity of snow 
and graupel and the r sults uggested that vapor deposit ion was more effect ive. 
In mixed phase clouds, when tho air t emperature is bclow -12°C, the difference 
between saturati n vapor pressure over water and satura tion vapor pressure ovcr 
ice incrcases with increasing t emperature (Pruppacher and Klett , 2004). This is 
tho basis of the vVegener-Bergrron-Findeisen mechanism. The icc crystals grow 
by vap r diffusion at th - expen::;e of t he supercoolccl watcr drops. Consequently, 
moro water vapor was available, which produced more icc crystals and eventually 
moro snow. This ::;now interacted with t he loucl dr plet::; to form more graup l 
which was sccn in Fig . 1.10. Besicle the higher amount of sno\V and graupel, more 
ice particles and fewer cloud droplets were pres nt in t he SBL run whilc there was 
less wator vapor in the atm sphere just bcfor 2130 UTC. Sincc t he Tw = ooc 
isotherm was high C!r in the SBL experiment , mclting occurrccl on a thicker layer 
betwcen 2130 and 2230 TC and th us pro cl ucing a higllC'r rain rate at the sur-
face. Rcsults from thr scnsit ivity experiments confirmccl t hat sublimation of snow 
and graupcl bad a larg -r impact on metcorological parametcr::; ::;uch as tempera-
turc, relative humi lity an l precipitation rate during t he presence of the rain-snow 
bound ary ompared to melting. 
Figure 1.9 c ·hows tho wincl spced , wind direct ion and t he air temperature at the 
KES site for the CTL, the MLT and the BL run::; bctwoen 2110 and 2245 UTC. 
The impact of sublimation and melting on the t emperature and horizontal wind 
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Figure 1.10 Ti me evolution of (a) snow, (b) grau pel and ( c) rê'Lin mixing rat io 
at the KES sit on 31 Mar h 2015 for the run wit hout t he cooling effects of 
sublimat ion. The solid linc indi catcs t he height of t he aoc isotherm and t he 
clashed line indicates the h ight where the wet-bulb temp rature is 0°C. 
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direct ion is shown. now and graupel sublimation produ ed a stronger cooling of 
the air than mclting near t he surface at KES site . The 0° ' isothcrm stayecl at 
a highcr altitud e bctwecn 2110 and 2245 UTC in the SBL run compar0d to t he 
CTL and MLT runs. Starting at 2130 UTC, a shift in t he wincl elire tion from 
south-west to south-east at 2230 UTC was ::;cen in the CTL run bclow 1.7 km 
ASL. From 2130 to 2200 T C, the ::;hift in the wind direction for t he BL run 
wa · of less importance comparcd with the CTL and MLT runs, suggc:sting that 
the cooling du , to sublimat ion may be an important factor in t he wincl reversai 
cl uring this pcriod. The wind direct ion was similar in th t hrce simulat ions at 
2245 UTC and this t ime coincid cs with the end of precipitation at t he surface at 
the KES site (Figs. 1.9 a and ) . The change in the horizontal wind direction 
was also observed during t h field campaign at the KE ' site'. After 211G UTC 
a change in the wind direction from west to cast was sc0n in the CTL run and a 
change from south-west to north-cast was ob::;ervccl at t he Alberta Environment 
wcathcr station (Fig. 1.11). Aftcr the pr0cipitation episode, th(~ wincl switched 
back to its original direction. 
T his impact of cooling from th0 sublimation of snow and graupcl is investigatcd 
from another perspective across the valley ancl is pres0nt0cl in Figure 1.12 for 
the CTL and the SBL runs. Th0 Kanana::;ki::; valley is orientee! north-south , so a 
west-cast cross-section was chosen to show the wind direction across t he valley. 
The cross-section of t he Kananaskis valley at 2150 UT C 31 March 201 5 showcd 
that th west-cast component of t he horizontal winds in the TL run (Fig. 1.12 
a) changed direction on t he \Vest facing slop and the wind reversai was almost 
filling up the bottom of the Kananaskis valley. T he wincl direction switch d from 
upslopc to downslope in the CTL run , whilC' it just slowed clown in t he BL run 
at that timc. 
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Figure 1.11 Time evolut ion of t he wind direction <1.t KES site on 31 March 201 5 
for t he control run (black lin ) and for t he data from the Alberta Environment 
weather station locat d at KES site (purpl line) . 
using t he thermodynamic equation. It relates t h horizontal advection, vertical 
motion , diabat ic processes and t he temperature tendency. Changing one of t he 
paramcters will affect another. Sublimation and melting of snow and gTanpel 
extract energy from t he environment, inducing a cooling. The denser air moves 
clown and , in combination wit h t he presence of t he slope on t he mountainside, 
affe ts t he hor izontal wind dir ction. T he effect on t he winds is less cü higher 
alt it udes when we move away from t he mountainside. The next section discusscs 
th ~ ]J O . . ·ible ruechanisms responsible for t he valley flow reversai. 
1.4. .4. Discussion on t he mechanisms of t he valley flow reversai 
In a largc~scale nvironment , t he flow reversai and downslope fl ow may be a 
consequence of either dynamical b locking or locally generated negative buoyancy 
caused by ·ooling from diabatic processes (Carbone ct al. , 1995; Steiner ct al. , 
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Figure 1.12 \Vind speed (west-east wind component ) at 2150 UTC 31 Mar h 2013 
for (a ) the control nm and (b) the nm wit hout t he cooling effect s of sublimation. 
The orange line indicat es the position of t he 0°C isotherm at 1800 TC and the 
white line indicat es it position at 2150 UTC. 
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and the potential energy prod uced through t he lift ing of strat ifi ecl air. The fore d 
lift ing creat e · an a cumulation of mass on the windward side of the mounta in 
resulting in high-pressure anomalies t hat can cause the flow to decelerate, st.ag-
nate, or reverse. Alt rnat ively, coolecl air from diabati processes is h avier than 
its environment and thus starts to subside. This air will then concentrate in the 
valley. 
To as ss the evolution of th stratification of the atmosphere in the Kananaskis 
valley, different atmospheric profi les from th CTL run are represented in Figure 
1.13 for the low-st 1 km above ground level. As snow and graupel started falling, 
sublima t i n and mel t ing cool cl t he air (Figs. 1.13 a and b). The profil e of the 
potential temperature fJ was most.ly neutral at 2100 UTC and becam slightly 
more stable at 2230 UTC (Fig. 1.13 c). However in the low-r 150 rn, t he profile 
was mainly un table. The Brunt-Vaisala frequency also showed this volut ion in 
the atmospheric profi le from neutral to stable (Fig. 1.13 d). In t h SBL run th 
fJ profi le stayed neutral an l t he Brunt-Vaisala frequency showed a mor stratifi d 
atmospheri profil e at 2230 UTC (Figs . 1.13 g and h). However , the SBL run 
showed lower valu s of N 2 below 2.4 km ASL than in the CTL run at 2230 UTC. 
These r sults suggest d that sublimation of tmow and gra upel affectcd the air 
stability and may have influenccd th rev rsal of the valley flow. 
The Fraude number (Fr ) is a dimensionless parameter relating the wind , stati 
stability and topography: Fr = U / Nh, where U is the wind speed , N is t he 
Brunt-Vaisala frequency and h is a charact eristi hcight of the mountain ob tacle 
(Carbon - et al. , 1905) . The Fraude number was calculated from 2110 to 2230 
T C averaging t he horizontal winds and t h Brunt-Vaisala frequency from the 
surfa e to 2.5 km ASL, and using h = 800 m. Typically, a flow with Fr < 0.5 has 
insufficient kinetic r n cr gy to surmount an obstacl (Carbone t al. , 1995). The 
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Figure 1.13 Lmver atmospheric profiles from t he .KES site c1.t every 10 min from 
2100 to 2230 UT C. Earlier t imes arc in red and shifts towards blue. (a) to (d) arc 
for the control simulation and (e) to (h) are for th e nm without the cooling effects 
du to sublimation. In particular , (a) and ( ) i t h t mperature, (b) and (f) is 
the rnixing ratio for snow plus granpcl, ( c) and (g) is t he potential t mperatm e, 
(cl) and (h) is t he Brunt-Vaisala frequency. 
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prad uction of negative buoyancy may have been t he main mcchanism responsible 
for the flow reversai in t he Kananaskis valley and not dynamical blocking. 
1. r.: Impact s of accret ion aloft 
1.5.1 Experiment wit h no graupel 
During the Alberta Fidel P rojcct. graupel was often obscrved in t he Kananaskis 
vall y. Graupel is f rmed by accreti n of supercooled droplets that frccze on the 
surfac of solid hydrometcors. Accretion l ads to an increasc of the environmen-
tal temperat ures . To investigate the effect of the pres nec of graupcl, fur t hcr 
simulation was pcrformccl assuming no grau pel formation ( IOGRP) . 
Results showed that one of t he main diffcrcnc s betwcen t he OGRP and t h TL 
runs wa t hat t he sn w rate was highcr in t he OGRP run , cspccially bctwecn 
2115 and 2215 T C, bccause no snow had becn conver t cl to graupcl (Fig. 1.14 
a) . Relative humidity was lower at almost all t imes for t he NOGRP run compared 
to the CTL run (Fig. 1.14 b) whilc t he height of t he ooc isotherm was slightly 
high r in t h OGRP run betw n 2100 and 2230 UT C (Fig. 1.14 ). ince no 
graupel wer produced in t he NOGRP run, less accret ion was happ ning at highcr 
alt it udes and t hus, lcss clia bat ic hcating, which could explain t he lowcr surface 
t mperat ures . Th rain-snow boundary was present betwecn 211 S and 2145 UT C 
wit h a width of 200 m . prominent change in the horizontal wind direction 
can be se n in t he result s fr m t he NOGRP run (Fig. 1.14 c) . These rcsults 
suggcst cd t hat less cliabatic hcating aloft in t he OGRP run and similar cooling 
from sublimat ion at lowcr alt it udes could cxplain t he absence of change in the 
wind direction. Diabatic heating aloft combincd with diabat ic cooling at low r 
a lt it udes could have mod ifiecl t he temperature profile to a more stable profile, 
t hus gcncrat ing vertical motion or subsidencC' in t he CTL run . 
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Figure 1.14 T ime evolut ion of (a) the precipitat ion rat e and (L) the relat ive 
humidity at th surfa ·e, along with ( c) t he temperatur , wind speed and wind 
direction above t he KES site on 31 March 2015. Th s results are for t he control 
run (black line) and t he run assurning no g,Taupel formation (pink line). The gray 
area in ( c) is t he region wh re t he rain-snow boundary Î. ' lo ·ated. 
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The evolution of t he: cooling aooociatecl with mC'lt ing and oublimation of snow 
for the OGRP run (Fig. l.Ei) inclicat ed t hat t he wicl t h of th melt.ing layer 
clecr ased rapidly aft.cr 2130 UT from 300 rn to about 60 rn while the wid t h 
stayecl constant at 200 rn from 2130 to 2230 TC in the CTL run (Fig. 1.8) . The 
cooling due to sublimat ion lasted for a similar periocl in the CTL and OGRP 
runs between 2115 and 2230 UTC. However t herc was mor ooling between 
2130 and 2215 TC in t he OGRP run when a higher snow rate was seen at t he 
surface (Figs. 1.14 a ancll.1 5 b). The cooling was slight ly more extensive in the 
OGRP run at alt itucleo highcr than 2 km ASL. In particular, at 2200 TC the 
cooling clue to sublimation was wcaker in the CTL run and heating duc to vapor 
deposit ion was preo nt b Jow 2.6 km ASL, which was not shown in t he OGRP 
run. A hypothesis to cxplain the peak in precipitation rate and cooling rate at 
a later time in t he OGRP run is t hat snowfiakes have a much lower terminal 
velo ' ity t han grau pel. Having no grau pel shifts t he accumulation of precipitation 
at a later time. 
The results from this expC'rimcnt suggcsted that the: pr sencc of graupcl on 31 
March 2015 may hav infiuenccd t he change in wincl clirecti n in t he Kananaskis 
valley shown in t he CTL run . The diabati heating duc to the on version of 
graupel aloft combinecl with the cooling clue to sublimation at lowcr alt itudes 
coulcl have in cr as ccl the stratification f the air t h us pro cl ucing subsiclcnce t hat 
contributed to th wind revC'rsal in t he valley. Also, in th abs nee of graupel, 
a highcr snow rate was sc n at t he KES oite since no graupcl wao convcrtcd to 
no w. 
1.5.2 Rol of accretion 
To bcttcr cstimatC' t he temperature fe cd backs associatecl with accretion ab ove the 
rain-snow bounclary, the sink-t rms in Eq. 1.1 that arc a:::;s ciatccl wit h graupel 
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Figure 1.15 Cooling rat (dT j dt ) associated wit h (a.) mel t ing and (b ) sublimation 
of snow above t he KES site on 31 March 2015 for t he rnn assuming no gTanpcl 
formation. The solid lin incli -ates t he height of the ooc isotherm and t he clash cl 
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Figure 1.16 IIeating rate (dT 1 dt) associated wit h accretion ab ove the KES site 
on 31 March 2015 for the ·ontrol run. The ' olid line indicates the h 'ight of t he 
aoc isotherm. 
formation have been added together for the CTL run and t he value of dT 1 dt 
associated wit h accretion is represented in Figur 1.16. These variables are listed 
in Table 1.1 for t he ACR cxpcriment . The results showed a net heat ing dn' to 
accretion from 2115 to 2145 UTC March 31 2015 in t he CTL run. The coll ction 
of ·loud droplet s that freeze npon impact produces a. heating of the environment. 
However, t his heating is limited to heights between 2.5 and 6 km ASL since gTaupel 
is produced at alt it udes above t he freezing level where supercooled droplets are 
present in t he atmospherc. 
To b t t er assess the imi acts of this heating source at t he surface and on t he 
sublimation of snow and gTaupel, t he ACR run was conductecl neglecting t he 
temperature tenclency associ:üecl wit h accretion ::ts clescr ibed in Table 1.1. T his 
experiment was performecl to see if t he release of latent heat in t he environment 
a.ssociatccl with accretion a.ffected the cooling due to sublimation and melt ing near 
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Figure 1.17 Vertical profi les of (a) dT/ dt due to m lting and sublimation or 
deposition , (b ) mean mass diamet er (Dm) of snow and granpel, and (c) mixing 
ratio ( Q) of snow graup 1, rain and cloud drop let at 2120 UTC 31 Mar ch 201 5 
abovc the KES site for t he run without the heating effcct of accretion (solid line) 
and the control run ( dashed li ne). 
31 March 2015 for the CTL and t he ACI1 runs at t he KE sit . arc shm,vn in Figure 
1. 17. At this time, the CTL run showed the strongest h ating due to accr t ion at 
higher alt itudes (Fig. 1.16). 
In t he ACI1 run, the cooling effect of sublimation at t he surface wa.s lower while 
t he heat ing due to vapor deposition at higher altitude was slightly high r t han 
in the CTL nm between 4 and 5.5 km ASL (Fig. 1.17 ct) . A study of t he mean 
mass diamcter for snowftctkes and granpcl in Figure 1.17 b indicatcs t hat it was 
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smallcr in the ACR run comparcd to the CTL run bclow 4. G km ASL and similar 
above 4.5 km A L. The vertical profi l of the mixing rat ios for snow, graupcl, rain 
and cloud clroplct pre::;cnt cl in Figure 1.17 c indicat es t hat t he mixing ratio for 
graupel was lower in the ACR run cxcept above 4.G km ASL. The mixing ratio 
for snow was much higher b twccn 4 and 5.5 km ASL in the ACR run comparcd 
with t he CTL run. Cloud droplct::; were pr s nt between 3 and 5.5 km ASL in the 
CTL run while thcre wcre almo 't no cloud droplets present in the ACR run. The 
mixing ratio f r rain was lower at the surfac in the ACR run than it was seen in 
the CTL run. 
Th wind elire tian at th KES sit i shown on Figure 1.18 for both runs. The 
wincl direction showcd a very slight difference betwef'n the CTL and the ACR 
runs. The direction changcd from w st to east from 2115 to 2300 UTC in th 
CTL run while the wind changed from sout h-\vcst to south-east from 2145 to 
2230 TC in the ACR run. The r sults showcd that accr t ian aloft increa ed the 
cluration of the wincl r versai at t he KES ·ite in the CTL run by 30 minutes. 
The rcsults from the ACR expcriment wh re dT/ dt associated with accret ion is 
zero suggest ed that th pr sen ·e of cloud droplet at high altitudes in the CTL run 
allowed the oll tian of cloud dr plct s and convert cl snow to grau pel. More vapor 
deposition in the ACR run betwcen 4 and 5.5 km A L could explain t h high r 
concentration of snow mass at t his samc altitude. The results sh w clearly the 
relationship b twe n t he hcating due to accretion at high a ltitudes and th mass 
of graupcl at lowcr altit udes. No hcating due to accret ion in the ACR run showed 
that the formation of graupcl was 1 ss -ffici nt. The high r amount of graupel 
mass bclow 3.c:: km ASL in the CTL run cxplains thE' higher cooling rate due to 
sublimation n .ar t he surfa e in tb CTL cxperimcnt. These results suggestcd that 
h ating duc to accretion aloft coulcl affect the cooling duc to sublimation at lowcr 
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Figure 1.18 \iVind direction at the KES sit on 31 :rv'L-trch 2015 for the control 
nm (black line) and the rnn withont the hec-l.ting effect of a.ccretion (gTeen line) . 
The effect of heating due to accretion on t he wind direction was incrca ing the 
duration of the wind reversal. The KOGRP run showed a strong impact on the 
wincl dir ct ion and the ACR run showed a very slight impact. This suggested that 
accretion and the conversion of snow to grau pel vvere not the main factor affec:ting 
the wind reversal on 31 Mar ch 2015 in the hananaskis valley. 
1.6 Discussion 
1.6.1 Atrnospheric conditions dnring the Alberta Field Project 
During th Alberta Field Proj ect, snow was often ob. erved at surface t emperatur s 
above 0°C at the KES observation site. Snow was observed at temperatures up to 
goc with relative humidities below 50<.?(. Most of the events with rain at hES or 
mi...'Cecl precipitation were associated with a g n ral flow field coming from the west 
and t he events with snow were mainly associated with a flow field from the cast 
(Vaquer , 2017). The results from thi · study and aJso from Hung (2016) showed 
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that highly rimee! aggregate~ and graup 1 w re t he main solid precipi tat ion types 
observee! at the KES site during t he Alberta Field Project. They founcl that 
sublimat ion wa~ pre~ent cluring bot h type of event· and especially when graupel 
was observed. T he conditions at t he surface w-re cirier and more unst abk in the 
events wit h the main flow coming from th west. T hcse events also sh wccl more 
a retion. 
For t he 31 Marcl:1 2015 ca ·e stucly, snow was pr sent at temperatures up to 3°C 
and wincls were oming from t he w-st, which procluccd mixee! precipitation at the 
KES site and t his was consistent with the result s fr rn the CTL simulat ion. The 
present study demonstrated that considering th dry climate in t he arca of the 
Kananaskis valley, phase change and also th presence of graupcl both influencee! 
t he wcathcr condit ions at the KES site . During t he fi eld campaign, sevcn events 
were similar to t he storm of 31 March 2015 and showed a general flow fidel coming 
from t he west, alon · wit h t he prescn e of a rain-snow boundary at t he surface or 
aloft . 
On 28 March 201 5, wincls were mainly from the west and rain was secn at the KES 
site . To pu t th r sul t · obtained in perspective, t he 31 Mar h ase is compared 
in the next section wit h the 28 tlarch case. In the first case, t he conditions were 
subsaturatcd both at t he surface and aloft, whil in the second case t he condi t ions 
were subsaturatccl at the surface and saturatcd aloft . 
1.6.2 Rain-snow boundaries in the Kananaskis valley 
The rain-snow boundary on 31 1arch 201 5 was locat ecl at the surface and the 
widt h varice! bctwe n 150 to 250 m. Mix cl pre ipitat ion werc scen at the surface 
and t h condition · w rr suhsaturatecl both at t he surface and aloft. Re ·ults sug-
gestccl t hat cooling clue to sublimation was grcater and bad a larger impact on 
meteorological parameters such as temperature, relat ive humidi ty and precipita-
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tian rat e compared to melting. Cooling clue to sublimation influencccl the change 
in flow direction from up ·lope t o clownslope and this reversai was obscrvcd cluring 
the field campaign in the Kananaski ::; valley. 
Result s from the 31 Mar h 201 5 case ::;tudy showccl that cooling due to sublimation 
of snow and graupcl affecte l the wind direction and the surface precipitation rate 
a t the KES site. Thcse results w re comparccl to another case st ucly on 28 March 
201 5 whcr a ra in-snow bouncla r_y was present a few hunclred m eters above the 
KES site. This case stucl y \Vas choscn becausc a rain-snow bouncl ary was present 
at a higher altitude than for 31 March 2015 and only rain wa:::; scen at t hr surface, 
which mcans m re mclting ou lcl hav occurrcd in this case. 
The CTL run for 28 March 201S showccl a rain-snow boundary 150 m above the 
KES site bctwccn 1100 to 1400 UTC and the wiclth vari cl fr om SOO m to 800 m 
cluring this pcriod. The pre ipitation type scen at the surface was ra in only and 
the environmcnt was also su bsaturatccl ncar the surface wh ile the conditions werc 
ncar saturation al ft. Figure 1.10 shows the time evolution of the mixing ratio 
for snow, graup -1 and rain abovc the KES site cluring this vent . Thr amount of 
snow wa · much higher aloft than the amount of grau pel for t he 28 March event 
comparcd to t he 31 March event . Considering t he lowest amount of graupcl for 
28 March 2015, the A R and NOGRP runs were not performecl for this case . 
The SBL and MLT cxperiments wcre pcrformccl for the case s tucly of 2 March 
2015. Results showecl that the surface temperatures werc lligher in the SBL run 
compared to the TL and MLT runs (Fig. 1.20 a). Th relative humidity was 
slightly lowcr in the SBL run comparecl to the CTL anc.l ILT runs (Fig . 1.20 b) . 
Betwccn 1130 and 1200 T C, the results showecl that the wincl direction changccl 
from south to north in the CTL run at 1100 UTC for a brief period of t imc, whilc 
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Figure 1.19 T imc evolution of (a) snow, (b) graupcl and (c) rain rnixing ratio 
at t he KES site on 28 Mar h 201 5 for the control run. The solid line indicates 
t he height of the ooc isothcrm and t he dashed linc indic:ates t he height wherc t he 






























Figure 1.20 Time evolntion of (a) the temperature, (b) the relative humidity, (c) 
the wind dire t ion and ( d) t l1e precipitat ion rate at th KES site on 28 March 2015 
for t he control run (black tin ) , t he run without the ·ooling effects of sublimation 
(blue line) and the nm without t he cooling effccts of melt ing (orang " line). 
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SBL run (Fig. 1.20 c). The precipitation rate at t he surface for rain in the MLT 
expcriment was similar to the CTL run, while t he rate in the SBL xperiment was 
highcr bctwecn 1145 and 1230 UT C (Fig. 1.20 cl ) . 
\A/hile the precipitati n rate was much highcr at t he surfac cluring t his event 
comparcd to t he event on 31 March 201 5, t he results suggested t hat the cooling 
duc to sublimat ion had lcss impact than rn lt ing on t he wind direction and t he 
pr cipitat ion at the surfa c. This could be xplainecl by the rain-snow boundary 
bcing much thickcr ab vc t he KES site and more melting b ing produced near 
the urfacc, along with t he condit i no aloft near saturation. 
1.7 Conclusion 
This study examincd t he wcather conclit iono ass ciatecl wit h a rain-snow boundary 
in t h Kananaskis valley, Alberta. The wcathcr events in t his area often occur in 
dry condit ions and thi::; i::; why t his study l okcd at ublima.tion. In part icular , t he 
expcrimcnts look cl at t he relative importance of snow and graupel sublimation 
and rn lting on t he evolut ion of wcather events. The temperature feedbacks asso-
ciated wit h ublimation and melt ing on t h valley flow were also examined. The 
impacts of graupel and also t he temperature feedbacks ass iated with accr t ian 
wc re st udied. 
To addrcss t hesc issu ::>, numerical simula tion using t he WRF mod l wer , uscd to 
simulate a case study from the Alberta F i ld P rojcct. This field campaign, whi h 
to k place in spring 2015 in the Kananaskis valley, Alberta, provided various 
weather obs .rvati ns that wcrc compared to the numerical simulations to ensurc 
a good representation of t he wcather event by t he numerical madel. 
T his study led to t h<' fo llowing conclusions: 
Mixture of rain and tiolicl precipitat ion can be pre nt at surface air t mper-
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aturcs above ooc in th , Kananaskis valley, Alberta . This is mainly bccausc 
the cnvironment is oft cn subsaturat cd in this arca. F ll' example, the 31 
l\!Iarch 201 5 case stucly indicat ed the presence: of mixcd precipitation at the 
surface and snow was notcd at t emperatures up to 3°C wi th subsatura tccl 
conditions both at th surface and aloft. Furth rmorc rain was present at 
the surface on 28 l\!Ia rch 201 5 at t emperatures just above 4°C with sub-
saturated conditions ncar the surface and saturatccl conditions aloft. The 
rain-snow transition was located a t the surface on 31 l\!Iarch but was about 
1GO m abovc the surface on 28 l\!Iarch 201 G. 
The cooling eHcct clue to sublimation of snow and grau pel was more im-
portant than mclting; for the subsaturatcd case stucly of 31 l\!Iarch 201 5. 
This was not the case when the air was ncar saturation on 28 l\!Ia rch 201 5. 
The cooling cHcct of sublimation and mel ting; affcct ccl the precipitat ion rate 
at the KES site and influcnccd t he cbang;e in flow direction from upslopc 
to clownslopc on the west fa 'ing slope of the mountain. This rcsult is 
,onsist cnt with the findings of St einer ct al. (2003) and Thériault ct al. 
(2015) who showccl tha t c oling by mel ting of snmv infiuen cd the rcvcrsal 
of t he flow on a mountainsidc uncler saturatccl condit ions. 
The presence of g;raupcl in t he numcrical simulation c.luring the wcathcr 
event of 31 l\!Iarch 201 5 influencecl the wind direction reversai ncar the 
KE site. Furt hcr investigation will be necessary to det ermine the proccsscs 
associatcd with the prcscmcc of grau pel that could impact the flow direction 
in the valley. 
The heating duc to accretion al ft cluring the formation of graupcl could 
affect t.bc cooling du c to sublimation at low r altitudes and also influence 
the precipitation rat e a t t he surface. The hcating at high altitudes influ-
cnced the solid precipitation sizc and mass mixing ratios. It also impactcd 
the cooling rat es duc to phase change ncar the surface . Accretion aloft only 
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contributed to increase the cl uration of the wind reversai in the valley and 
was not the main driving fa ·tor for the reversai in the present case study. 
This study had sorne limi tations. First, due to sorne instrumentation issues, the 
measurements of wind speed and wind direct ion during the Alberta Field Project 
w re sometimes incon:::; ist cnt. Second, duc to the wind effect on the precipi tation 
gauge, it was difficult to get an accuratc snowfall measurem nt. Third , this study 
also had sorne numerical limitations due t o the choice of microphysics parame-
t rization in the WRF modcl. Th u · of another mi rophysi s scheme lik th 
Thompson schem (Thompson et al. , 2008) produced a high r snow rate and a 
smallcr graupel rate for the 31 March 201 5 case study. Different microphysics 
scheme would procluce different precipitation rate and t hu:::; affect the cooling rate 
associatcd with sublimation and mclting . 
Future studies could investigate th impacts of microphysics parameterizat ion on 
graupel formation and its evolution , as well as accretion . Since sublimation of 
part icles is sometimes critical, further study should be conductcd on the shape 
of the parti les falling through the subsaturated layer. Finally, mor field mea-
surements of precipitation types, microphysics charact erizat ion aloft and at the 
surface, along with atmospheric conditions should be conducted in this area as it 
is oft en associated with extrcme precipitation and drought events. 
Overall , this study showcd that cooling due to sublimation and also the presence of 
graup l can aff t the intensity and also the duration of pr cipitation , along with 
infiuencin · the chan ·e in the flow direction in a valley. Microphysical processes in 
the vicinity of rain-snow boundarics are very important to understand since they 
can lead to extrem metcorological events in mountainous r gions. 
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1.8 Appcndix A: Paramctcrization of snow sublimation 
In t he original Milbrandt and Ya.u tw -momC'nt sch0mc, snow sublimation is al-
lowed only whcn air t emperat ure is bdow 0°C, whi lc graupcl sublimat ion is al-
lowC'd at a ll t emperatures . Sincc the arca of intcrC'st. for this study is loca.t ccl in 
an environment oft en subsa.turat ccl , the scbcme was modificd to allow ·now to 
sublimatc at temperatures abovc 0°C. ote that graupcl is a llowccl t o sublimatc 
a.t all temperature·, so the samc stcps wcrC' fo llow0d for snow. 
The equat ion to calculatc t he ra t e of :;ublimat ion of snow from Milbrandt and 




is the thcrmodynamic function. Also , Si is the saturation ra tio with respect 
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to ice, Nos is the interc pt parameter for snow, V ENT.5 is the mass-weighted 
vent ilat ion factor (Ferrier 1994), Ka io the t hermal conductivity of air , Rv is t lw 
gas c nstant for water vapor, T is t he temperature of air , p is the density of air , 
qis is the saturation vapnr mixing rat io with respect to i and 'l/J is the diffusivity 
of wat r vapnr in air . 
The sublimation rate q uation wa movcd in the microphysics scheme so that snow 
and graupcl sublimat ion are computed in the same conditions, which is at all air 
temp ratur s. The function polysvp was also corrected in t he microphysics s herne 
in arder to calculate t he saturation vapnr pressure prop rly at all t mperatures . 
The CTL run using the modifiecl vC'rsion of the Mil brandt and Y au ocheme for snow 
·ublimation and saturation vapor pressure alculat ion was ompared to another 
run using th original v .rsion of t he scheme. Figur 1.21 shows the cooling rate 
associatecl with sublimation of snow for t he original Milbrandt and Yau schemc 
(Fig. 1.21 a) and for the moclified ver ion of the schemc (Fig. 1.21 b). The rcsults 
show that co ling clue to sublimation io n w pr sent below the ooc isotherm. The 
use of t he moclified version f the schomc proclucccl more sublimation and thus 
more o ling. Following th se result t:l, the moclifi.ecl Milbranclt and Yau sch rn to 
allow snow sublimat ion above ooc and wit h t h orr ct ed calculat ion for satura-
t ion vapor pr s ure was used in a ll t he simulations pret5ented in t his study since 
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Figure 1.21 Cooling rate (dT j dt) associatcd with the sublimation of snow for 
(a) the original Milbrandt and Yau scheme and (b) t he modified sch me. 
0 CL SIO 
Cette ' t ud a examin ' le::; conditions météorologiques asso i '.es à un lign pluie-
neige dans la vallée de Kananaskis en Alberta. Les événements météorologiques 
dans ·ctt région surviennent souvent dans des conditions sèches et c'est pourqu i 
la sublimati n a été étudiée ici. Des tests de sensibilité ont regard ' 1 importan e 
rclativ de la sublimat ion ct de la fonte de la neige ainsi que de la n ig roulée 
sur l'évolut ion des événements météorologiques . Les effet s de la varia tion de tem-
pérature asso ·iés à la sublimation ct à la fonte sur l'écoulement dans la vallé ont 
a ussi été examinés . L'impact de la présence de neige roulée ct de la variation de 
température associée avec l ac rétion a aussi été étudié. 
Afin d 'examiner c s questions , des imulat ions num ' riqucs utilisant le modèle 
numérique Weath cr R esearch an d Forecasting (WRF) ont été utilisées pour simuler 
une étude de cas provenant d 'une campagne de terrain en Alberta. Cette campagne 
de t rrain qui a cu lieu a u printemps 2015 dans la vallée de Kanana ·kis en Alb rta 
a permis d 'amasser des données d 'obs rvations météorologiques qui ont ensuit 
ét' comparées à des simulat ions numériques pour s'a surcr d 'obtenir une bonne 
représentation de l'événement météorologique par le modèle numérique. 
Cette 'tude a mené aux conclusions suivantes : 
Des lignes pluie-neige peuvent êtr observées à de· températures de l'air 
à la surface au-dessus de 0 oc dans la vallée de Kanana ·kis en Alb rta. 
Ceci est principalement dû au fait que 1 environnement est souvent sous-
saturé dans ctte région. Par exemple, dans l a· du 31 mars 2015, des 
précipitations mixt s ont été observées à la surface ct de la neige était 
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présente à des températures allant jusqu 'à 3 oc avec d0s cond itions sous-
saturées à la surface ct en altitude. Par contre, de la pluie a ét é observée à la 
surface le 28 mars 201 5 avec des températures just a u-dessus de 4 oc, ainsi 
que des conditions sous-saturées près de la surface ct saturées en altitude. 
La ligne pluie-neige était situér à la surface pour le cas elu 31 mars ct à 
environ 150 rn au-dessus de la surface' le 28 mars. 
L effet cl - refroidissement associé à la sublimation de la neige et de la neige 
roulée ét ait plus important que l'effet du refroidissement dû à la fonte pour 
l'étud e de cas sous-saturé du 31 mars 2015. Cela n 'a pas ét é le cas le 28 
mars 201 5 où l'air était t out près de la saturation. 
L' effet clc refroidissement associé à la sublimation ct à la fonte a affect é 
le taux de précipitation au site de KES et a a ussi influencé le changement 
cl c direct ion de l'écoulement de montant à descendant sur la pente de la 
rn ntagne face à l'ouest. Ccci est en accord avec les résult at s cl Steiner 
ct al. (2003) ct de T héria ult ct al. (201 5) qui ont démontré que la fonte cl e 
la neige influençait l 'inversion de l écoulement ::;ur la pente d 'une montagne 
cl ans un environnement satur ' . 
La présence de neige roulée clans la simulation numérique de l'é-vénement 
elu 31 mars 201 5 a influencé l'inversion clc la direction du vent près elu 
site de KE . Des recherches plus approfondies seront nécessaires afin de 
dét erminer le processus associé- à la présence de 110igc roulée qui pourrait 
influen ,er la direction de l'écoulement cl ans la vall ée . 
Le réchauffement associ ' à l'ac rotion à haute altitude lors de la format ion 
de la neige r uléc pourrait affect er le refroidissement associé à la sublima-
tion à plus basse altitude et aussi influencer le t aux cl0 précipit ation à la 
surface. Le r 'chauffcmcnt à haute altitud e a influencé la taille ct le rapport 
de mélange de pré ipitation solide. Il a a ussi influencé le taux de refroidisse-
ment causé par les changements de phase près de la surface. L 'accrétion en 
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altitucl as ulcmcnt contribué à augmenter la durée cl l'inversion du vent 
dans la vallée t n 'était pas le facteur principal responsable de l' inversion 
pour cette étude de as . 
Cette étude comportait certainrs limites. Premièrement , les mesures de la vite ·sc 
ct de la direction cl u vent durant la cam pagne de terrain en Al berta étaient parfois 
incohérent s à caus d ·crtains problèmes liés aux instruments. Deuxièmement , il 
était difficile cl obtenir une mesure précise de l accumulat ion de neige au sol à cause 
de l effet du v nt ·ur la jauge de mesure de la précipitat i n. Troisièm ment , ett 
étude comportait aussi des limit es numériqu s ducs au choix de paramétrisat ion 
physique dans le modèle WRF. L'uti lisation d 'un autre sch ' ma microphysique 
omme c lui de Thompson ct al. (200 ) a pro cl uit un taux de précipitati n en 
neige plus important ct un taux de neige roulée plu faible p ur l'étude de cas du 
31 mars 201 5. L'ut ilisation d 'un schéma microphy ·iquc différent pourrait produire 
un taux de précipitation différent ct donc affect er le taux de refroidissement associé 
à la sublimation et à la font e. 
Des études fut ure· pourraient examiner l'impact de la paramétrisation microphy-
·iqu - sur la fm·mati n de la neige roulée et son évolut ion, en plus de l'accrétion 
associée. Puisque la ublimation des particules est parfois critique, de plu ampl s 
études pourraient examiner la forme des particules traversant la couche sous-
saturée. Finalement , un plus grand nombre de campagnes de mesures devraient 
être effectuées dans cette région afin d 'observer les types d précipitation , la mi-
crophysique -n alt it ude ct à la surface, ainsi que l s condit ions atmosph ' riqu s, 
puisque cette région est souvent associé avec des év ' nement · de précipi tat ion ex-
trême et des périodes de sé hcrcsse. 
Dans l'ensemble, c ttc é-tud e a démontré que le refroid issement associé à la su-
blimation et auss i la présence de neige roulée p uvcnt affc ter l'intensité ct aussi 
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la durée de la précipitation, r n p lus d 'influr ncer le changement de dire t ion de 
l'écoulement dans la vallée. L 'étudr des processus microphysi([ues cl ans la région 
d 'une ligne pluie-neige est très importante, car ces dernirrs pcuvrnt mener à des 
événements météorologiques extrêmes en t errain montagneux . 
APPENDICE A 
CONFIG RATIO DÉTAILLÉE DU 10DÈLE 
L s simulations préscnt8e · dans cette /tude ont /té cffcctu / sen utilisant le modèle 
WRF, version 3.7.1 ( kamarock et al. , 2008) . Ce modèle numérique de prévision 
est conçu pour la recherche atmosphérique ct la pr /vision op/ rationn llc. Il st 
maintenu par le National Center f or Atmosphcric R esearch (NCAR) au Colorado. 
Il donne la possibilité d 'effectuer des simulations avec des conditions id /alisées ct 
aussi avec de · donnée· ré llcs . 
Des simulations réelles C'n trois dimensions (3D) ont été piloté s par des conditions 
initiales et des conditions aux frontières provenant des rc/~analyses North American 
R egional Reanalysis (NARR) du National Centers for Environm ental Prediction 
(NCEP) (Mesinger ct al. , 2006). Une cascade à double sens a été ut ilisée avec 
quatre domaines de résolution horizontale différente (27 km, 0 km, 3 km et 1 km) 
afin d réaliser des simulations à haute résolution sur la vall / e de Kanana ki . 
Le doubl sens signifie que l'Pchange d information entre 1 domaine à plus basse 
résolution (27 km) ct les domaines à plus haute résolution (9, 3 et 1 km) ct 
bidirectionnel. La Figure A.1 montre la configuration du domaine dans le modèle 
numérique. 
Le résolution vert.i ale utilisée était de 56 niveaux verticaux où l 'espacement entre 
les points de grilles variait de 50 à 350 rn dans les prC'micrs 2 km ct d 'environ 
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Figure A.l Configuration elu domaine clans le modèle numériqu \VRF où dOl 
est le domaine à résolution hmiZ\ontale de 27 km (188 x 150 points de grille), d02 
le domaine à 9 km (163 x 130 points de grille), cl03 le domaine à 3 km (118 x 106 
points de grille) et d04 le domaine à 1 km (118 x 106 points de grille) . Le point 
ronge incliqne l'emplacement dn sit d 'observation d KES. 
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350 rn 1 our lco plus hauts niveaux. Les simula tions sur 1 s grilles à plus basoc 
r 'solu tion (27, 9 ct 3 km) ont débuté à 1500 UTC 31 mars 2015, 3 heures plus 
tôt que pour la grille à ha ute résolut ion (1 km ) qui a débuté à 1 00 UTC 31 mars 
2015. Les simulationo ont été calculées pour un total cl respect ivement 12 h ct 
9 h. Le pas de temps ut ilisé était de 90 s sur le domaine à basse résolut ion (27 
km) ct se réduisait avec un rapport de 3 entre chaque gri lle. Le pas cl temps de 
la grill à haute résolution (1 km) était cl - 3.33 s. 

APPE DICE B 
SCHÉMA ICROPHYSIQUE NIILBRANDT ET YAU 
Les simulat ions ffectuécs clans cette étude ut ili::;aient la paramétrisation physique 
compl' te disponibl dano le modèle numérique WRF : microphysique, radiation, 
schéma cl surfa e, couche limite planétaire et schéma de conve t ian (cl maine 
à 27 km seulement ). P lus part iculièrement, les nuages et la précipi tation s nt 
r présentés par le schéma microphysiqu bulk de Mil brandt t Y au (2005). Ce 
schéma ut ilise la distribution gamma afin de déterminer la distribution de taille 
de chaque type de précipitation qui est représentée par l'équation : 
(B. l ) 
où N(D ) est la concentrat ion en nombre de particules de diamètre D par unité 
de volume N0 et le point cl 'intersection , a est le paramètre de forme de la dis-
tribution et À est le paramètre de pente. 
Le chéma est à d ux moments, ce qui signifie que deux paramètres sont prédits 
ct résolus dan · la diotribut ion gamma. Le contenu en mass ct la one ntration 
en nombre des différentes catégories cl 'hydrométéor s sont prédits ct résolus par 
N0 et À , tandis que le paramètre a est 1 ui égal à zéro dans la vcroion cl u s h 'ma 
ut ilisée. Le sch ' ma de Mil brandt ct Y au perm t de prédire la concentration en 
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nombre ainsi que le rappor t de mélange pour six catégories d 'hydromét éores : les 
gouttelettes de nuage, la pluie, la glace, la neige , la neige ro ulée et la grêle. 
AP PENDICE C 
DESCRIPTION DÉTAILLÉE DU CAS DU 28 MARS 2015 
Le 2 mars 201 5, un système de basse pression se sit uait au nord-est de la vallée de 
Kananaskis amenant des vent · généralement de l'ouest clans la région (Fig. C.1 ). 
Les données provenant de la station météorologique d 'Environnement t Chang -
ment limatiquc Canada sit uée près elu Lac Barrier dans la vallée de Kananaskis 
indiquaient une accumulation de pluie de 9 mm p ur la journée el u 28 mar · 201 5. 
Un radiosondage lancé à 1900 TC 28 mars 2015 au-dessus elu site cl KES in-
diquait un couche sou ·-saturé près cl la urface ct cl cond itions saturées en 
altit ude (Fig. C.2). Les données des instruments sit ués au sit de KES indiquaient 
une diminut ion de températ ure cl 9 oc à 5 oc (Fig. C.3 a) de 1000 à 1400 UT C 
ct une augmentation de l'humidité relat ive de 50 % à près de 95 % (F ig. C.3 b) 
durant la même péri de. Les vents ont variés de 3 à 9 m/s ct prov naicnt prin-
cipalement elu sud-sud-o uest (Fig·. C.3 c ct d). Les données provenant du MRR 
ont dém nt r / la pré ·en c l'une ligne pluie-neige ver· 1130 T C, puis vers 1300 
UT C (Fig. C.4) . 
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Figure C .l Analyse de surface à 1200 UTC 28 mars 201 5. source: Environnement 
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Figure C.2 Profil vertical de la t empérature (ligne bleue) et de la t empérature 
du point de rosée (ligne rouge) provenant d\m radiosondage lancé au-dessus de 
KES à 1900 UTC 28 mars 2015. 
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F igure C. 3 (a) Temp ',rature ~. la surface, (b) humidité relative, ( c) vit esse dn 
vent ct ( d) direction du vent à KES le 28 mars 2015 provenant de l'enregistreur de 
don n 'cs (lignes oranges) ct ctc la station Alberta EnvinmncnJCnt (lignes mauves). 
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Figure C.4 Réflectivité mesurée à partir du Micm Rain Rada.T ·itué au site de 
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